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CHAPTER 4

PROBABILISTIC ANALYSIS IN ECOLOGICAL RISK ASSESSMENT

4.1 INTRODUCTION
4.1.1 BASIC APPROACH FOR PERFORMING ECOLOGICAL RISK ASSESSMENTS

Ecological risk assessment (ERA) is defined by the 1997 Environmental Protection Agency’s
(EPA) Ecological Risk Assessment Guidance for Superfund: Process for Designing and Conducting
Ecological Risk Assessments (ERAGS) (U.S. EPA, 1997a) as an evaluation of the “likelihood that adverse
ecological effects are occurring or may occur as a result of exposure to one or more stressors”. The
ERAGS document is generally similar to, and consistent with the earlier framework guidance and
approach (U.S. EPA, 1992a) which was expanded upon and superceded by the Guidelines for Ecological
Risk Assessment (U.S. EPA, 1998). The EPA has developed extensive technical and policy guidance on
how ERAs should be planned and performed (see Exhibit 4-2). In general, this process has three main
elements, as shown in Figure 4-1:
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Figure 4-1. Ecological Risk Assessment Framework (U.S. EPA, 1992a)
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Problem Formulation provides a foundation for the entire risk assessment. This element
includes the specification of risk management goals and assessment endpoints, the development
of a site conceptual model with exposure pathways and receptors, and the development of a
sampling and analysis plan to collect data on exposures and measures of effects that are needed
to support the ERA. In general, problem formulation serves as the foundation of an ERA and
often is an iterative process, whereby substantial re-evaluation may occur as new information and
data are collected during the site investigations. Collection of data in subsequent iterations is
often triggered by identification of major data gaps and uncertainties in the risk characterization
that prevent confident decision making by risk managers.

Analysis includes two principal measurement steps that are based upon the problem formulation:
Assessment of exposures and assessment of ecological effects. Assessment of exposures
includes the identification of stressors at the site that may affect ecological receptors, a
characterization of the spatial and/or temporal pattern of the stressors in the environment at the
site, and an analysis of the level of contact or co-occurrence between the stressors and the
ecological receptors. Assessment of ecological effects includes identification of the types of
effects which different stressors may have on ecological receptors, along with a characterization
of the relationship between the level of exposure to the stressor and the expected biological or
ecological response. This is referred to as the stressor-response relationship.

Risk Characterization combines the exposure characterization and the effects characterization
in order to provide a quantitative likelihood or qualitative description of the nature, frequency,
and severity of ecological risks attributable to exposure to stressors at a site, as well as an
evaluation of the ecological relevance of the effects. Good risk characterizations express results
clearly, articulate major assumptions and uncertainties, identify reasonable alternative
interpretations, and separate scientific conclusions from policy judgments (U.S. EPA, 1995,
1998).
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EXHIBIT 4-1
DEFINITIONS FOR CHAPTER 4

Assessment Endpoint - An explicit expression of an environmental value (ecological resource) that is to be
protected, operationally defined by risk managers and risk assessors as valuable attributes of an ecological
entity.

Benchmark Dose (BMD) - The dose which causes a specified level of response. The lower confidence limit on
the BMD is usually referred to as the BMDL.

Community - An assemblage of populations of different species specified by locales in space and time.

Conceptual Model - A site conceptual model (SCM) in the problem formulation for an ecological risk
assessment is a written description and visual representation of predicted relationships between ecological
entities and the stressors to which they may be exposed, including sources and pathways of stressors.

Ecological Risk Assessment (ERA) - The process that evaluates the likelihood that adverse ecological effects
may occur or are occurring as a result of exposure to one or more stressors.

Lines of Evidence - Information derived from different sources or techniques that can be used to characterize
the level of risk posed to exposed receptors; weight-of-evidence generally refers to the quantity of science,
while strength of evidence generally refers to the quality of science.

Lowest-Observed-Adverse-Effect Level (LOAEL) - The lowest level of a stressor evaluated in a test that
caused a statistically significant effect on one or more measurement endpoints linked to undesirable
(adverse) biological changes.

Measurement Endpoint (Measure of Effect) - A measurable ecological property that is related to the valued
characteristic chosen as the assessment endpoint. Measurement endpoints (also called measures of effect)
often are expressed as the statistical or numeric summaries of the observations that make up the
measurement.

No-Observed-Adverse-Effect Level (NOAEL) - The highest level of a stressor administered in a test that did
not cause a statistically significant effect in any measurement endpoint linked to an undesirable (adverse)
biological change.

Population - An aggregate of individuals of a species within a specified location in space and time.

Receptor - The ecological entity (with various levels of organization) exposed to the stressor.

Risk Characterization (ecological) - The third and last phase of ERA that integrates the analyses of exposure to
stressors with associated ecological effects to evaluate likelihoods of adverse ecological effects. The
ecological relevance of the adverse effects is discussed, including consideration of the types, severity, and
magnitudes of the effects, their spatial and temporal patterns, and the likelihood of recovery.

Scientific/Management Decision Point (SMDP) - A time during the ERA when a risk assessor communicates
results or plans of the assessment at that stage to a risk manager. The risk manager decides if information
is sufficient to proceed with risk management strategies or whether more information is needed to
characterize risk.

Species - A group of organisms that actually or potentially interbreed and are reproductively isolated from
similar groups; also, a taxonomic grouping of morphologically similar individuals.

Stressor - Any chemical, physical or biological entity that can induce an adverse response in an ecological
receptor; Superfund considers all stressors, but focuses on chemical (toxicant) stressors.

Toxicity Reference Value (TRV) - A dose or concentration used to approximate the exposure threshold for a

specified effect in a specified receptor. A TRV is often based on a NOAEL or LOAEL from a laboratory-
based test in a relevant receptor species.
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EXHIBIT 4-2

ECcOLOGICAL RISK ASSESSMENT GUIDANCE AND POLICY DIRECTIVES

EPA has developed extensive guidance and policies on methods and approaches for performing ERAs,
including the following:

(1)

(2)

(3)

4

(5)

(6)

(7)

Ecological Risk Assessment Guidance for Superfund: Process for Designing and
Conducting Ecological Risk Assessments (“ERAGS”), Interim Final (U.S. EPA, 1997a).
This document includes processes and steps specifically selected for use in ERAs at
Superfund sites. This document supersedes the 1989 EPA RAGS, Volume II, Environmental
Evaluation Manual, Interim Final (U.S. EPA, 1989). Supplements to ERAGS include the
EcoUpdates (U.S. EPA, 1991-present, Intermittent Bulletin Series, 1991 to present), which
provide brief recommendations on common issues for Superfund ER As.

Guidelines for Ecological Risk Assessment ("Guidelines") (U.S. EPA, 1998). This document
updates general (nonprogram specific) guidance that expands upon and replaces the earlier
Framework for Ecological Risk Assessment (U.S. EPA, 1992a). The approaches and
methods outlined in the Guidelines and in ERAGS are generally consistent with each other.

Risk Assessment Guidance for Superfund (RAGS): Volume 1-Human Health Evaluation
Manual (Part D, Standardized Planning, Reporting, and Review of Superfund Risk
Assessments), (U.S. EPA, 2001). This guidance specifies formats that are required to
present data and results in baseline risk assessments (both human and ecological) at
Superfund sites.

Policy Memorandum: Guidance on Risk Characterization for Risk Managers and Risk
Assessors, F. Henry Habicht, Deputy Administrator, Feb. 26, 1992 (U.S. EPA, 1992b). This
policy requires baseline risk assessments to present ranges of risks based on “central
tendency” and “reasonable maximum” (RME) or “high-end” exposures with corresponding
risk estimates.

Policy Memorandum: Role of the Ecological Risk Assessment in the Baseline Risk
Assessment, Elliott Laws, Assistant Administrator, August 12, 1994 (U.S. EPA, 1994). This
policy requires the same high level of effort and quality for ERAs as commonly performed
for human health risk assessments at Superfund sites.

Policy Memorandum: EPA Risk Characterization Program, Carol Browner, Administrator,
March 21, 1995 (U.S. EPA, 1995). This policy clarifies the presentation of hazards and
uncertainty in human and ERAs, calling for clarity, transparency, reasonableness, and
consistency.

Issuance of Final Guidance: Ecological Risk Assessment and Risk Management Principles
for Superfund Sites. Stephen D. Luftig for Larry D. Reed, October 7, 1999 (U.S. EPA,
1999). This document presents six key principles in ecological risk management and
decision making at Superfund sites.
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ERA is a key component of the remedial investigation process that EPA uses at Superfund sites.
ERAGS is a program-specific guidance for Superfund that focuses on chemical stressors released into the
environment from hazardous waste sites. This guidance refers to ERA as a “qualitative and/or
quantitative appraisal of the actual or potential impacts of contaminants from a hazardous waste site on
plants and animals other than humans and domesticated species. An excess risk does not exist unless:
(1) the stressor has the ability to cause one or more adverse effects, and (2) the stressor co-occurs with or
contacts an ecological component long enough and at a sufficient intensity to elicit the identified adverse
effect.” The ERAGS document provides guidance on using an eight-step process for completing an ERA
for the Superfund Program, as shown in Figure 4-2.
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Figure 4-2. Eight-step Ecological Risk Assessment Process for Superfund (U.S. EPA, 1997a).
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4.1.2 PREDICTIVE VS OBSERVATIONAL APPROACHES

In general, conclusions about ecological hazards from environmental contamination may be
based on information derived from two different techniques: the predictive approach (a comparison of
calculated exposures with a set of toxicity reference values), and the observational approach (direct
evaluation of the range of potential exposures, coupled with site-specific toxicity testing and population
demographic estimates).

Predictive Approach: The core of all Superfund ERAs is the predictive approach, including
exposure assessment, toxicity assessment, and risk characterization. The predictive approach is
based on a comparison of calculated estimates of chemical exposure of a receptor to one or more
Toxicity Reference Values (TRVs) appropriate for that chemical and that receptor. The ratio of
exposure at the site to the TRV is referred to as the Hazard Quotient (HQ). The predictive
approach has always been used at Superfund sites because it is relatively easy to implement, and
because it can be used to evaluate not only current risks, but also risks that might exist in the
future if any important changes were to occur in the level of contamination (e.g., due to on-going
fate and transport processes), or to changes in land use (a change in land use might alter a
number of habitat factors that influence the number and identify of ecological receptors). The
predictive approach, however, has the inherent uncertainties of the assumptions in the exposure
and toxicity models which are seldom site-specific and thus can lead to either over-protective or
under-protective estimates of risk.

Direct Observation: If there is a need to reduce uncertainties in the predictive approach, direct
observations of exposure and effects can be collected at Superfund hazardous waste sites. The
predictive approach used in ERA does not negate the use of descriptive toxicological approaches
or the use of site-specific exposure data, such as toxicity testing or bioaccumulation
measurements. Site-specific observations, such as toxicity testing of invertebrates over a
gradient of site contaminant exposure levels, may be used to develop site-specific and chemical-
specific toxicological relationships. Site-specific measures of exposure or ecosystem
characteristics can be used to reduce uncertainty in the exposure assessment and aid in the
development of cleanup goals in the Baseline ERA. The direct observation of the exposure and
effects on ecological receptors does not however constitute a complete risk assessment. If field
or laboratory studies are NOT designed appropriately to elicit stressor-response relationships,
direct impacts should not be used as the sole measure of risk because of the difficulty in
interpreting and using these results to develop cleanup goals in the ERA. Furthermore, poorly
designed toxicological evaluations of environmental media from the site may not allow a
definitive identification of the cause of adverse response. For example, receptor abundance and
diversity as demographic data reflect many factors (habitat suitability, availability of food,
predator-prey relationships among others). If these factors are not properly controlled in the
experimental design of the study collecting the observational data, conclusions regarding
chemical stressors can be confounded. In addition, direct observation provides information about
current risks only and not potential risks should land use or exposure change in the future.
Hence, direct observations may be used as a line of evidence in an ERA, but should not be the
sole evidence used to characterize the presence or absence of the risks of an adverse effect in the
future.
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4.1.3 POTENTIAL ADVANTAGES AND LIMITATIONS OF PROBABILISTIC METHODS IN ERA

Probabilistic risk assessment (PRA) is a computational tool that may help increase the strength of
the predictive evaluation of ecological risks, as well as sometimes helping to better evaluate distributions
of observational data for an ERA. The potential advantages of PRA compared to, or possible benefits in
augmentation of, the conventional point estimate approach for characterizing variability in exposure or
risk are discussed in Chapter 1 and Exhibits 1-6 and 1-7. In brief, point estimate calculations utilize
simplifications and assumptions in order to deal with the complex mathematics of combining inputs that
are inherently variable. Probabilistic models, in contrast, are designed to combine sets of information on
inputs that are expressed as probability distributions. Therefore, PRA generally can yield risk estimates
that allow for a more complete characterization of variability and uncertainty, and a potentially more
useful sensitivity analysis as compared to estimating sensitivities of inputs from point estimates (see
Appendix A). For example, sensitivity analysis can help determine major contributors to exposure
factors and sources of uncertainty that could help to design better sampling and analysis plans in later
iterations to help fill data gaps and reduce uncertainties for risk characterization.

Because of the inherent differences in the computational approach, as in the case with any
additional risk assessment information, PRA may sometimes lead to a different risk assessment outcome
and risk management decision than would be derived from the use of point estimate calculations alone.
The differences in the decisions stemming from the two approaches will vary from case to case,
depending mainly on the form of the exposure or risk model, the attributes of the distributions of the
input values, and the quality, quantity, and representativeness of the data on which the input distributions
are derived. Sometimes the differences between the two approaches will be quite large, and the
information gained from a PRA can play an important role as weight-of-evidence in communicating risks
to stakeholders and risk managers.

Even though PRA may have some advantages, it also has limitations and potential for misuse.
PRA can not fill basic data gaps and can not eliminate all of the potential concerns associated with those
data gaps. That is, if one or more of the input distributions are not well characterized and the
distribution(s) must be estimated or assumed, then the results of the PRA approach will share the same
uncertainty as the point estimate values. However, given equal states of knowledge, the PRA approach
may yield a more complete characterization of the exposure or risk distribution than the point estimate
approach.

Of course, any prediction of exposure or risk is based on the use of mathematical models to
represent very complex environmental, biological, and ecological systems. No matter how sophisticated
the computations, questions will always exist as to whether the calculated values are a good
approximation of the truth. Therefore, even when PRA is used as a supplemental tool to point
estimations (deterministic) of risks in the ERA process, a weight-of-evidence approach that combines the
predictive approach with direct observations will still provide the most appropriate basis for decision
making.

A second application of PRA in ERA, besides the characterization and incorporation of
distributions of data for ERA, is the characterization of uncertainty in calculated estimates of exposure or
risk. In this application, whatever uncertainty may exist in one or more of the input distributions is
characterized, and quantitative estimates of the confidence limits around the mean, upper bound, or any
other percentile of the output distribution are calculated. This use of PRA is often especially important
in risk management decision making, since the range of uncertainty around central tendency exposure
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(CTE) and reasonable maximum exposure (RME) or other upper bound estimates of exposure or risk can
sometimes be quite large. As stated before, the point estimate approach can also provide estimates of
uncertainty, but the PRA approach often provides a more complete characterization of the uncertainty.

4.1.4 Focus or THIS CHAPTER

This chapter focuses on the application of PRA as a tool for predicting ecological risks at
Superfund sites. Some of the methods and approaches described in this chapter are similar to those that
have been developed by U.S. EPA's Office of Pesticide Programs Committee on Federal Insecticide,
Fungicide and Rodenticide Act (FIFRA) Risk Assessment Methods (ECOFRAM, 1999a, 1999b) for
use in assessing environmental hazards of pesticide products. However, the methods described in this
chapter are specifically designed to be applicable at Superfund sites and to be consistent with other
Superfund guidance.

This chapter does not seek to provide guidance on the many basic issues that must be faced in
planning and performing any ERA. Prior to considering the use of PRA in an ERA, fundamental
concepts will already have been developed, such as a problem formulation with a conceptual site model,
selection of representative receptors, definition of exposed populations, definition of risk management
objectives and goals, selection of assessment endpoints, calculation of TRVs and development of site
sampling plans, etc. Likewise, this chapter does not repeat the presentation of basic statistical and
mathematical methods used in PRA, since these are described in other chapters and appendices of this
document. In summary:

1 This chapter focuses on application of PRA techniques to ERA at Superfund
sites.

1= The reader is assumed to be familiar with the basic methods used in ERA at
Superfund sites, and this chapter does not address basic tactical and
technical issues in ERA.

1= The reader is assumed to be familiar with the basic mathematical principles and
techniques of PRA as described in other chapters and appendices of this document.

4.2 DECIDING IF AND WHEN TO USE PRA IN ECOLOGICAL RISK ASSESSMENT

As shown in Figure 4-2, the ERA process for Superfund includes a number of scientific/
management decision points (SMDPs) (U.S. EPA, 1997a). The SMDP is a point of consultation between
the risk manager, EPA Regional Biological Technical Assistance Group (BTAG) coordinator, EPA
regional ecotoxicologist, and other stakeholders, and is intended to provide an opportunity for re-
evaluation of direction and goals of the assessment at critical points in the process. It is during the
SMDP discussions that it is important to decide whether or not a PRA is likely to be useful in decision
making. If so, the pursuit of distributed data is justified. Within the 8-step process of developing the
ERA, PRA could provide insight at several steps. A decision to move forward with distributional
analyses should be considered within the BTAG context during the documentation of the outcome of the
SMDPs after Step 3 within the process. As a reminder, PRA is NOT intended to be a replacement for
point estimate analyses; rather PRA supplements the required presentation of point estimates of risk. Itis
also emphasized that the use of PRA should never be viewed as or used in an attempt to simply generate
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an alternative risk estimate or PRG, compared to that which was derived by a point estimate ERA;
instead, PRA should be used to provide insightful information on distributions of various factors
(exposure, toxicity, and hazards) which can provide weight-of-evidence evaluations of potential risks in
conjunction with a point estimate ERA. There are a number of factors to consider in making these
decisions, as discussed below.

4.2.1 TEcHNICAL CONSIDERATIONS

The fundamental reason for performing any predictive risk assessment (point estimate or
probabilistic) is to provide information to risk managers in order to help support the risk management
decision-making process. As noted above, a properly performed PRA may help to yield more description
of variability in exposure and risk than can be achieved using the point estimate approach. Therefore, if
any of a site’s data may be better described and evaluated by distributions, then a PRA can be applied to
any part of an ERA or even to the entire ERA for expressing risk characterization in probabilistic terms;
again, always in conjunction with the required point estimate ERA. However, when risk estimates
derived from the point estimate approach are either far below or far above a level of risk management
concern, any such potential improvements in risk characterization are not likely to influence risk
management decision making. In these cases, PRA is not likely to be as useful in decision making. Even
so, PRA may help in these situations by providing information that may be useful in better deciding
where the gradient of excess risks are reduced to acceptable levels. Rather, it is more common for a PRA
to be useful when point estimates of risks are close to the decision threshold (such that PRA-based
refinements in the risk estimates might be important in making risk management decisions). It is for this
reason that PRA may be useful to apply either during the development of the ERA after the screen
(Steps 3 to 6, U.S. EPA, 1997a), or after point estimate results from the baseline ERA have been
completed (Steps 1 to 7, U.S. EPA, 1997a).

The results of a point estimate risk assessment will normally present the range of risks based on
central tendency exposure and reasonable maximum exposure input assumptions and on the no-observed-
adverse-effect-level (NOAEL)- and lowest-observed-adverse-effect-level (LOAEL)-based TRVs (U.S.
EPA, 1992b, 1997b). The bounds for the highest HQ are derived from the ratio of the RME compared to
the NOAEL-based TRV, and the bounds for the lowest HQ are based on the ratio of the CTE compared
to the LOAEL-based TRV. These two bounded extreme estimates of risk can be used to screen out cases
where PRA is not likely to be as useful. That is, if the risk to the RME receptor is clearly below a level
of concern using the NOAEL-based TRV, then risks to the exposed population are likely to be low and
PRA analysis is likely not needed. Likewise, if risks to the CTE receptor are clearly above a level of
concern using the LOAEL-based TRV, then risks to the exposed population are likely to be of definite
concern, and a PRA may not provide as much additional useful information to the risk manager, except in
the case where uncertainties remain high and the derivation of an appropriate and realistic clean-up goal
may be difficult. If the risks are intermediate between these two bounds (e.g., risks to the CTE receptor
are below a level of concern based on the LOAEL-based TRV but are above a level of concern based on
the NOAEL-based TRV), then PRA might be helpful in further characterizing the site risks in balance
with the point estimates of risks and in supporting decision making or in deciding if additional iterations
of analyses would be needed. This concept is illustrated graphically in Figure 4-3.
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Figure 4-3. Example of cases where use of PRA may be helpful. In cases A and E, the range of risks (CTE to
RME) estimated by the point estimate method are either well below (Case A) or well above (Case E) the likely
level of concern based on the NOAEL-LOAEL range, and PRA is not likely to alter risk management decisions
regarding the potential need for remediation. In cases B, C, and D, the point estimates of risk overlap or fall within
the range of potential concern, suggesting that PRA-based risk estimates might be helpful in supporting risk
management decisions.

The second main technical reason to consider conducting PRA is that the PRA methodology can
help characterize and quantify the degree of variability and uncertainty around any particular estimate of
exposure or risk (e.g., the CTE or RME). The purpose of the analysis would be to estimate the
uncertainty around an exposure or toxicity or risk estimate, generally with little or no additional data
acquisition. The only additional information needed to perform the analysis is an estimate of the
uncertainty in the true parameter values of the key variables in the variability model. In some cases,
these estimates of uncertainty around parameter values may be developed from statistical analysis of the
available data. Alternatively, professional judgment may be used to establish credible bounds on the
parameters, especially when relevant data are sparse.

1= Even in the presence of data gaps, uncertainty analysis using PRA can provide
useful information. Indeed, it is when data are limiting or absent that a quantitative
probabilistic analysis of uncertainty may be most helpful.

Page 4-10



RAGS Volume 3 Part A ~ Process for Conducting Probabilistic Risk Assessment
Chapter 4 ~ December 31, 2001

4.2.2 CoST AND SCHEDULE CONSIDERATIONS

Performing a PRA can sometimes add time and cost to an ERA. As discussed in Chapter 2,
in part, the decision to progress from a point estimate assessment to a PRA reflects a belief that the
potential value of the PRA for risk management decision making outweighs the additional time and costs.
The tiered process encourages a systematic approach for both the point estimate and probabilistic
assessments, whereby the least complex methods are applied first. For example, the initial Tier 2
assessment may be conducted with a set of preliminary probability distributions for variability (PDFv),
developed with much the same information and assumptions that were applied to develop point estimates
in Tier 1. Parameter values can be estimated by setting the arithmetic mean equal to the CTE point
estimate, and the 95" percentile equal to the RME point estimate. The choice of distributions may differ
depending on the state of knowledge for a particular variable (see Appendix B). For example,
unbounded variables might be characterized with lognormal distributions while bounded distributions are
characterized by beta or Johnson Sb distributions. Certain variables may continue to be characterized by
point estimates, especially if the sensitivity analysis suggests that the chemical, pathway, and/or exposure
variables are relatively minor contributors to total exposure and risk. The decision to collect additional
data or explore alternative methods for developing probability distributions can be reexamined in an
iterative fashion by evaluating the expected benefits of the added information to the risk management
decision-making process. These concepts are presented in greater detail in Chapter 2 (see Figures 2-1
and 2-2).

4.3 PROBLEM FORMULATION

Once a decision has been made to include PRA in an ERA, the first step should be to re-visit the
problem formulation step and carefully determine the scope and objectives of the PRA. Typically, a
considerable amount of knowledge will have been gained during the screening level and baseline point
estimate evaluations, and this knowledge should be used to help focus and narrow the scope of the PRA.
That is, the PRA will generally utilize the same basic exposure and risk models used in the point estimate
approach, but the PRA will typically evaluate only a sub-set of the scenarios considered. For example,
chemicals, pathways, and/or receptors that are found to contribute a negligible level of exposure or risk
may usually be omitted from the PRA, while those factors that contribute significantly to an excess level
of risk concern in the point estimate approach should generally be retained. As noted previously, when a
chemical or pathway is omitted from a PRA analysis, this does not mean that it is eliminated from the
overall risk assessment; rather, it may be kept in the assessment as a point estimate.

The next step in problem formulation for a PRA should be to define whether the goal of the
analysis is to characterize variability alone, or to characterize both variability and uncertainty. In either
case, sensitivity analysis (as summarized in the preceding paragraph, or for more details see Appendix A)
should be used to help identify which of the input variables contribute the most to the variability in the
outputs (exposure, toxic effects, or risk), and the initial PRA should focus on defining the probability
density functions (PDFs) for those input variables. An analysis of uncertainty, if thought to provide
additional useful information, may also be included at the initial level, or may be delayed until the initial
analysis of variability is completed.

As always, problem formulation should be viewed as an iterative process, and it is reasonable
and appropriate that decisions regarding the scope and direction of the PRA should be reassessed (at
SMDPs) as information becomes available from the initial evaluations. As stressed above, the
fundamental criterion which should be used is whether or not further PRA evaluations are likely to
provide additional information to a point estimate ERA that will help strengthen and support the risk
management decision-making process.
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4.4 MODELING VARIABILITY IN EXPOSURE

There are two main types of descriptors of exposure that may be used in ERA: dose and
concentration. For terrestrial receptors such as mammals or birds, exposure is most often described in
terms of ingested dose (mg/kg-day). In most cases, this will be based on chemical ingested from drinking
water and/or the diet, including incidental soil ingestion, but could also include amounts of chemical
taken up across the skin or through inhalation as additional routes of exposure. The exposure levels are
most often expressed as doses, since that term tends to normalize the confounding factors of variable
daily intake rates and body weights that occur if/when one only evaluates concentrations. For aquatic
receptors, the main route of exposure is usually by direct contact and less often by ingestion, so exposure
is usually characterized in terms of concentration of contaminants in surface water, pore water and/or
sediment. Likewise, exposure of terrestrial plants and terrestrial invertebrates, such as earthworms, is
usually described in terms of concentration of contaminants in soil. In some cases, exposure of terrestrial
receptors is characterized in terms of specific tissue or whole-body concentrations of contaminants.
Examples of calculating and presenting dose-based and concentration-based distributions of exposure are
presented below.

4.4.1 CHARACTERIZING VARIABILITY IN DOSE
The general equation used for calculating the dose of a contaminant of concern in a specified

environmental medium (e.g., water, soil, air, diet, etc.) by a particular member of a population of exposed
receptors is:

DI, = C xIR;;/BW,
where:

DI;; = Average daily intake of chemical due to ingestion of medium "I" by a population
member "j" of the exposed population (mg/kg-day)

C, = Concentration of chemical in environmental medium "I" (mg/unit medium)

IR;; = Intake rate of medium "I" at the site by population member "j" (units of medium
per day)

BW, = Body weight of population member "j" (kg)

Total exposure of a population member "j" is then the sum of the exposures across the different media:

Dl = ) DI;;

In this basic equation, IR;; and BW; are random variables (i.e., they have different measurable values for
different members of the exposed population) that are often correlated. For example, a receptor with a
relatively low intake rate can also be expected to have a low body weight. Some studies utilize paired
measurements of IR and BW by individual, and present a distribution of the ratio (IR;; /BW)), referred to
as a body weight-normalized intake rate (mg/kg-day). This expression provides an alternative to using a
correlation coefficient to relate two input variables (see Appendix B), and can be entered into the dose
equation as follows:

IR,
1.0 1 E PE}?J
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where the ratio is characterized by a single probability distribution. Because the variability in this ratio is
likely to be different than the variability in the ratio of the IR and BW variables treated independently,
accounting for the correlation can affect the distribution of dose and risk. If empirical data for
quantifying the ratio are limited but a relationship is expected, plausible ranges of correlations may be
explored as a source of uncertainty in the risk estimates.

The concentration term (C;) may be characterized by a point estimate or a probability
distribution, depending on the relationship between the geographic scales of the measurement data and
receptor home range (see Appendix C, Section C.3.1). If the home range of the receptor is small
compared to the spatial distribution of sampling locations, C, may be characterized by the probability
distribution for variability in measured concentrations. Alternatively, if the home range is large
compared with the exposure area evaluated, then a point estimate (e.g., mean or uncertainty in the mean)
may be more appropriate.

In the PRA approach, PDFs should be defined for as many of the input variables as reasonable,
especially for those variables that are judged (via sensitivity analysis) to contribute the most to the
variability in total exposure. The basic principles for selecting the key variables to model as PDFs are
presented in Appendix A, and the basic methods used for selecting and fitting distributions are described
in detail in Appendix B.

Figure 4-4 shows several examples of graphical formats which may be used to present the
estimated distribution of ingested doses in an exposed population. If a single distribution is plotted (top
panel), the PDF format is usually the most familiar and useful for risk assessors and managers, but the
cumulative distribution function (CDF) format tends to be less cluttered when multiple distributions are
shown (e.g., compare the middle graph to the bottom graph). In addition, percentiles can be read directly
from a CDF format, but not from a PDF format graph. In all cases, it is very useful to superimpose the
CTE and RME point estimate ranges of exposure directly on the same graph as is used to show the
distribution of exposures estimated by PRA. This provides a convenient way to compare the results of
the two alternative computational methods, and interpret additional information that the PRA can add to
the point estimate ERA.

1= 4 conventional point estimate, range of exposure (CTE to RME) or toxicity
(NOAEL to LOAEL) and corresponding risk ranges should be calculated
and presented for comparison with the PRA results.
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Figure 4-4. Example Graphical Presentations of Dose Distributions.
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4.4.2 CHARACTERIZING VARIABILITY IN EXPOSURE CONCENTRATION

As noted above, in some cases the most appropriate descriptor of exposure is concentration
(either in an abiotic medium such as water, soil, or sediment, or in the tissues of the receptor), rather than
ingested dose. Assuming that the concentration values in the medium of concern are measured rather
than modeled, PRA is not required to generate the distribution of concentrations. Rather, the available
data may be used to define an appropriate theoretical or empirical distribution function (EDF), as
described in Appendix B. If concentrations in the medium are modeled (calculated by PRA) rather than
measured, then the exposure distribution may be estimated by using distribution functions (PDFs or
CDFs, rather than using point estimates as inputs to the fate and transport model(s) and/or uptake models
that predict the concentration levels in the medium of concern. The resulting distribution(s) of
concentration may be displayed graphically using the same formats as illustrated in Figure 4-4, except
that the x-axis has units of concentration rather than dose. As above, the point estimate ranges of
concentration used in the CTE and RME calculations should be plotted on the same graphs to provide a
convenient basis for comparing the results of the two approaches and to help interpret the additional
information that the PRA can add to the point estimate outputs.

4.5 MODELING VARIABILITY IN ToXICITY
4.5.1 VARIABILITY IN RESPONSE AMONG MEMBERS OF A POPULATION

Data on the toxicity of a chemical usually comes from laboratory studies whereby groups of
organisms (laboratory mammals, fish, benthic organisms, plants, earthworms, etc.) are exposed to
differing levels of chemical, and one or more responses (endpoints) are measured (survival, growth,
reproduction, etc.). These toxicological observations define the exposure-based stressor-response curve
that is characteristic for that specific receptor, chemical, and response.

In the point estimate approach, information from the dose/stressor-response curve is generally
converted to one or more TRVs, each representing a specific point on the dose-based or concentration-
based stressor-response curve. For example, the highest dose or concentration that did not cause a
statistically significant change in a toxicologically significant endpoint is defined as either the NOAEL
dose or the no-observed-effect concentration (NOEC), while the lowest dose or concentration that did
cause a statistically significant effect on a relevant endpoint is the LOAEL dose or the lowest-observed-
effect concentration (LOEC). Generally, exposures below NOAEL- or NOEC-based TRVs are
interpreted to pose acceptable risk, while exposures above LOAEL- or LOEC-based exposures are
judged to pose potentially unacceptable risk. It is essential to note the need for high quality toxicity data
to derive reliable and confident TRVs. Strong sampling and study designs, that generate data for site
exposure factors and toxicological stressor-response relationships, are of critical importance for
producing high quality ERAs by either point estimate or PRA approaches. Shortcomings in either area
could be major data gaps or uncertainties that detract from the confidence in the risk characterization of
the ERA, and may be a basis for pursuing additional iterations of sampling or studies that are more
strongly designed to fill those critical data gaps and reduce uncertainty.

Use of the TRV approach, however, does have some potential limitations. Most important is that
the ability of a study to detect an adverse effect depends on both the range of doses tested and the
statistical power of the study (i.e., the ability to detect an effect if it occurs). Thus, studies with low
power (e.g., those with only a few test animals per dose group) tend to yield NOAEL or NOEC values
that are higher than studies with good power (those with many animals per dose group). In addition, the
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choice of the TRV is restricted to doses or concentrations that were tested, which may or may not be
close to the true threshold for adverse effects, and this uncertainty increases as the interval between doses
increases. Finally, it is not always easy to interpret the significance of an exposure that exceeds some
particular TRV, since the severity and incidence of response depends on the shape and slope of the
exposure response curve (information that is not captured in a point estimate TRV).

One way to resolve some of these stressor-response limitations is to apply uncertainty factors to
the NOAEL or NOEC and LOAEL or LOEC, which calculates an adjusted TRV that reduces the study’s
exposure level of concern to account for those uncertainties, so that there is a lesser chance of overlooking
possible adverse exposures (i.c., avoiding a false negative conclusion). Another way to resolve some of
the stressor-response limitations is to fit a mathematical equation to the available exposure-response data
and describe the entire exposure-response curve. This may be done using any convenient data fitting
software, but EPA has developed a software package specifically designed for this type of effort. This
software is referred to as the Benchmark Dose Software (BMDS), and is available along with detailed
documentation and explanation of the methodology at www.epa.gov/ncea/bmds.htm.

The most appropriate mathematical form of the exposure-response model depends on whether the
endpoint measured is discrete and dichotomous (e.g., survival) or continuous (e.g., growth rate). For a
dichotomous endpoint, the result of the fitting exercise is a mathematical exposure-response model P that
yields the probability of a response in an individual exposed at any specified level of exposure (expressed
either as dose or concentration). Exhibit 4-3 shows an example of this process using hypothetical data.
Thus, for an individual with an exposure level of "x", the probability of a response in that individual is
simply P(x). In a population of individuals with exposures x1, x2, x3, ...xi, the expected number of
responses (e.g., deaths) in the exposed population is the sum of the probabilities across all individuals in
the population. Stated another way, the average fraction of the population that will experience the
response is given by the expected value of P (i.e., the average value of P(x)).
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EXHIBIT 4-3

MODELING VARIABILITY IN RESPONSE FOR A DICHOTOMOUS ENDPOINT

The following data are from a hypothetical study ofthe acute lethality (24 hour) of a chemical using
fathead minnows asthe test organiam:

Concentration Mumber Survival
[Wel) Tested Dead Alive
] 20 ] 20
10 14 1 18
20 20 ] 20
30 20 3 17
40 18 7 1
g0 20 15 )

These data were fit to each of the dichotomous models available in BMDZ=. The best-fit model was
the logigtic equation. & graph ofthe best it curve is shown below.

1.0
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b 01m
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For a continuous endpoint, the BMDS software yields equations that give the expected mean
response m(x) at a specified exposure level, along with the standard deviation s(x) that characterizes how
variable the response is among different individuals exposed at that same exposure level. The standard
deviation may be modeled either as a constant (homogeneous variance) or a function of the exposure
level (heterogeneous variance), with the choice depending on which approach yields the best agreement
with the observed variances. In most cases there will not be sufficient data to allow a meaningful
analysis of the true shape of the underlying distribution of responses at a given exposure, so the choice of
the distributional form of the variability in response will require an assumption. In the absence of any
clear evidence to the contrary, it is considered likely that the distribution of responses will not be
strongly skewed, and that the distribution may be reasonably well modeled using a normal PDF
(truncated as necessary to prohibit selection of biologically impossible or implausible values). Thus,
variability in response at dose "x" may generally be modeled as:

Response(x) ~ NORMAL[m(x), s(x), min, max]

However, if available data suggest some other distributional form is more appropriate, that form should
be used and justified.

Exhibit 4-4 shows an example of this process using hypothetical data. In this case, the mean
response was found to be well modeled by the Hill equation, and the standard deviation was found to be
best characterized as a constant (rho=0). Thus, given an exposure level "x", the mean response m(x) may
be calculated from the model, and this value along with the standard deviation may then be used as
parameters for an appropriate type of PDF (e.g., normal) to describe the expected distribution of
responses in a population of different individuals exposed at level "x". Section 4.7.2 describes methods
that may be used to characterize and quantify the uncertainty associated with this approach.
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EXHIBIT 4-4

MODELING VARIABILITY IN RESPONSE FOR A CONTINUOUS ENDPOINT

The following data are from a hypothetic al study of the effects of a chemical on the growth of
labaratany mice. Animak were exposed to the chemical wia drirk ing we ater for 21 days. The
measurement endpoint weas weight gain, expressed as a percentage of the starting weight of

each animal.
Ingested dose Humber Wl eight & ain (% Starting Walue)
migh g- day Tested hlean Stdew

ul 5 24 g

a0 5 22 =]
100 il 25 =]
150 5 18 7
200 il 7 10
250 5 -8 5

Thes e data were fit to each of the continuous modek awvailable in BMWDP5. The best-fitmodelwas
the Hill equation with constant wariance. A graph of the best fit curve i shovun below.

34

30
25 e,
20 =

Best Fit Dose Response hiodel

flean Wizight Gain (% Starting ‘walue

'2 I:l T T T T T T
o Al 100 150 00 50 00

Doze fmgdg-day)

Baszic Equations
Mean Resporseldr = int + vwd*n f o*n + d™n)
Wariance(d)= alphamean response(drrho

Best fit parametars

int 23.70
W -51.44
n 5.295
k 22ar
alpha 485
rh O {zonstantwariance])

Goodness of Fit
F 0525 P=Chi Square Goodness of Fit test statis tic
AlC 1545 AIC=pk gk e's Information Criterion
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4.5.2 VARIABILITY IN RESPONSE AMONG SPECIES

In some cases, risk management decisions may also consider community-level effects as well as
population-level or sub-populations effects. That is, a stressor might be considered to be below a level of
concern for the sustainability of a community if only a small fraction of the total number of exposed
species are affected. In this case, toxicological responses may be best characterized by the distribution of
toxicity values across species. This is referred to as a Species Sensitivity Distribution (SSD). This type
of approach is generally used for communities of aquatic receptors, since all of the different species that
make up the community (e.g., all fish, benthic invertebrates, aquatic plants, and amphibians that reside in
a stream) will be exposed to approximately the same concentration of contaminant in the water. The
process for generating an SSD consists of the following steps:

(1) Select an appropriate type of endpoint (lethality, growth, reproduction, etc.), and select an
appropriate type of point estimate from the exposure-response curve for each species. For
example, the TRV might be the LC50 for lethality or the EC20 for growth. The key
requirement is that the SSD be composed of TRV endpoints that are all of the same type, not
a mixture.

(2) Collect all reliable values for that type of TRV from the literature for as many relevant
species as possible. When more than one value is available for a particular species, either
select the value that is judged to be of highest quality and/or highest relevance, or combine
the values across studies to derive a single composite TRV for each species. It is important
to have only one value per species to maintain equal weighting across species.

(3) Characterize the distribution of TRVs across species with an appropriate CDF. Note that
there is no a priori reason to expect that an SSD will be well characterized by a parametric
distribution, so both parametric and empirical distributions should be considered.

Once an SSD has been developed, the fraction of species in the exposed community that may be
affected at some specified concentration may be determined either from the empirical distribution or
from the fitted distribution. Exhibit 4-5 shows examples of this approach. In this hypothetical case, the
TRYV selected for use was the LC,,, (in this case, the LC,,, is defined as all LC values <=LC10). A total
of 13 such values were located. The first graphical presentation is the empirical distribution function,
where the Rank Order Statistic (ROS) of each value is plotted as a function of the log of the
corresponding value. This may be used directly to estimate the fraction of the species in a community
that will be affected by any particular environmental concentration. For example, in this case, it may be
seen that a concentration of 10 ug/L would be expected to exceed the LC,, for about 33% of the aquatic
species for which toxicity data are available. The second graph shows how the data may be characterized
by fitting to a continuous distribution. In this case, a lognormal distribution was selected as a matter of
convenience, but other distributions may also yield acceptable fits. Based on the best fit lognormal
distribution for the SSD data, it is calculated that a concentration of 10 ug/L would be expected to impact
about 31% of the exposed species. However, as noted above, there is no special reason to expect that an
SSD will be well characterized by a continuous parametric distribution, so some caution should be used
in the use of a continuous distribution to fit an SSD, especially when the SSD is based on a limited
number of species and when the purpose of the SSD is to estimate percentiles and exposures outside the
observed range. The risk assessor should always present an evaluation of the robustness of an SSD to aid
in the decision process.
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EXHIBIT 4-5

HYPOTHETICAL SPECIES SENSITIVITY DISTRIBUTION

Hypothetical Data

Species LChu INLCy) Rank ROS T-sCore
a 2 0.E93 1 o.nr -1 465
4] 25 0ae 2 014 -1.068
C ] 1.099 3 0.1 -0.792
d 5 1.609 4 0249 -0.566
e 15 2708 5 036 -0.366
f 26 3.258 G 043 =080
5} 41 3714 7 050 0,000
h 55 4.007 a 057 0180
i 67 4 205 9 064 0,366
i &1 4.394 10 0.7 0566
k 125 4828 11 o.7a 0.7az
| 220 5.394 12 0 .86 1.068
m g00 5397 13 043 1465

Example EDF. ROS v Ll ww(Iog-scale)
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4.6 MODELING VARIABILITY IN RISK
4.6.1 VARIABILITY IN HAZARD QUOTIENT

As noted above, the most common descriptor of risk used in predictive risk assessments is the
Hazard Quotient (HQ). The HQ is the ratio of the exposure for some generalized or typical hypothetical
member of the receptor population at a site, compared to an appropriate TRV value that equates to an
acceptable level of risk for that receptor and chemical. Usually the HQ approach is not based on a single
value, but on a range of values in which different levels of exposure (CTE and RME) are compared to
both the NOAEL to LOAEL benchmarks. In general, HQ values below 1 are interpreted as indicating
acceptable risk, while HQ values above 1 are interpreted as indicating the potential for adverse effects.

Because exposure varies among different members of an exposed population of receptors, HQ
values also vary among members of the exposed population. Several alternative approaches for
characterizing this variability by PRA methods are presented below.

Variability Within a Population

Figure 4-5 illustrates

the simplest approach for -
summarizing variability in HQ '
values among the members of Bl Tatal Daily Inta ke
an exposed population. In this &
format, the TRV values = 0.ms 4
iate f icul =
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that multiple of the HQ (e.g., depicting the results for a value equal to 10-times the TRV would show the
fraction of the population with an HQ greater than 10).

More directly, the distribution of HQ values may be calculated by dividing each exposure value
by one or all of the TRVs based on the NOAEL, LOAEL, BMDL, etc., as shown in Figure 4-6. Note that
dividing a distribution by a constant does not change the shape of the distribution (only its scale), so the
shape of the HQ distribution will appear identical to that of the exposure distribution. Figure 4-6
illustrates two HQ distributions; one calculated using the NOAEL-based TRV, the other using the
LOAEL-based TRV. Ina case such as this where there are two or more HQ distributions, a CDF format
is generally easier to evaluate than a PDF format, since overlap between the curves is minimized. The
CDF format allows an easy quantitative evaluation of the fraction of the population above and below any
particular HQ level. For example, in the case shown in Figure 4-6, it may be seen that 83% of the
population is expected to have HQ values below 1 based on the NOAEL-based TRV, while 4% are
expected to have HQ values above 1 based on the LOAEL-based TRV. This type of description
(percentage of the population with HQ values within a specified range) is very helpful in predicting
proportions of a population exposed to specified doses of concern.

0.010
LOAEL-Based HO
® CTE Foint Est
0.002 4 NOAEL Based HO
%‘ #RME Paint Est.
0006
£ HZ =1
H 0004 ;/
o H
= :
0.002 A
0.000 : : r "
on 05 10 15 20
H azard Quotient
1I:| L R R L L L L R L T O B o e T S Ry g e E
DB'\ .
£ 4% Ppove LOAEL . e
" Bazed HZ of 1 .
£ 05 1
o 3% Below MOAEL- : LOAEL-Based HO
2 Based HO of 1 i
B 0.4 g
g 1—________h__h
3 : HOAELBased H
0.2 A 5
0.0 A .
0.1 10 10.0
H azard Quotient

Figure 4-6. Example Distribution of HQ Values.
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Variability Between Species

A similar approach may be used for characterizing the variability in risks among different species
in a community. Figure 4-7 is an example that compares the distribution of concentration values in a
water body (the variability might represent either time or space) to an appropriate SSD of TRVs for
different species of aquatic receptors that might reside in that water body. Three different graphical
formats are illustrated. In the upper panel, the PDF of concentration is compared to the CDF of the SSD.
This format is easy to understand and may be interpreted visually, but is difficult to interpret
quantitatively. The middle panel shows that same information, but with both distributions presented in
CDF format. This allows for a quantitative evaluation of the fraction of the species that will be above
their respective TRVs at any specified part of the exposure distribution. For example, using a simple
graphical interpolation process (shown by the dashed lines), it may be seen that the 90" percentile of
concentration (21 ug/L) will impact approximately 24% of the exposed species. The bottom panel shows
the results when this same process is repeated (mathematically) for each of the concentration percentiles.
As seen, hazards to the community of receptor species is quite low until concentration values reach the
80™ to 85™ percentile, but then rise rapidly. For example, a concentration value equal to the
95" percentile (about 28 ug/L, which will occur approximately 5% of the time) is expected to impact
approximately 68% of the exposed species, and the 99" percentile (which will occur about 1% of the
time) is expected to impact nearly all of the exposed species.
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Figure 4-7. Example Presentation of Species Sensitivity Distribution.
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4.6.2 VARIABILITY IN RESPONSE

As noted above, HQ and Hazard Index (HI) (where appropriate) values are a convenient way to
characterize risk to ecological receptors, but interpreting the biological significance of the ranges of HQ
values greater than 1 is not always easy. One of the main advantages to the PRA approach is that
distributions of exposure may be combined with exposure-response distributions in order to generate
distributions that characterize the frequency and magnitude (severity) of responses in an exposed
population. Two examples of this approach are presented below.

Example 1: Dichotomous Response

In this hypothetical example, a toxic chemical is being transported by surface water run-off from
a Superfund site into a nearby stream. Because of short-term and seasonal variability in rainfall levels
(which influences both run-off rate and stream flow), the concentration of the chemical in the stream has
been observed to vary as a function of time. The risk manager at the site wants to know two things:
(1) How often will the concentration enter a range that can cause acute lethality in fish?; and (2) When
that happens, what percent of the fish population is likely to die? Exhibit 4-6 summarizes the
hypothetical concentration data and illustrates the basic approach. In this case, the concentration data are
most conveniently modeled as an empirical PDF. Next, assume that the acute concentration-lethality
curve is available for the chemical of interest in a relevant indicator species of fish. For convenience,
assume the response function is the same as that shown in Exhibit 4-3. Then, the PDF for acute mortality
may be generated by repeated sampling from the concentration distribution and calculating the
probability of response (acute mortality) for each concentration value selected. Because this is a case
where the entire population of fish at the exposure location may be assumed to be exposed to the same
concentration in water, the probability of mortality in a single fish is equivalent to the average fraction of
the population that is expected to die as a result of the exposure. The resulting PDF is shown in the
graph in Exhibit 4-6. As seen, lethality is expected to be low or absent about 95% of the time, but about
5% of the time the concentration may enter a range where acute lethality may occur. The extent of
mortality within the exposed population is expected to range from about 20% at the 97" percentile of
exposure (i.e., this is expected to occur about 3% of the time), up to about 70% at the 99" percentile of
exposure (i.e., this is expected to occur about 1% of the time).
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EXHIBIT 4-6

MODELING VARIABILITY IN A DICHOTOMOUS RESPONSE

SCEnano
Exposzure of a populstion of fizh to concentration waluesin a stream that vary over time
Hypothetical Concentration Data in Water
Walue Percertile
05 (2DL) n.0a
1.1 010
25 025
2.1 050
a2 nrs
155 .80
247 0.95
52K n.ag
31 (max 1.00
R esponss E ndpoint = acute mortality
Streszor-response model fit (see Exhibit 4-27
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Example 2: Continuous Response

Exhibit 4-7 provides a hypothetical example of modeling variability in response for a continuous
endpoint. In this example, assume that a toxic chemical has been released by a Superfund site and has
been transported in low levels by air to a nearby meadow. Among the receptors of potential concern in
the meadow are a number of different types of small mammal, and the field mouse has been selected to
serve as an indicator species for this group. The goal of the PRA is to characterize the effects of the
chemical on the growth of field mice in the meadow. Exposure occurs mainly by ingestion of seeds that
have been contaminated by uptake of the chemical from soil, and it has been determined that the
variability in average daily intake (DI) of chemical from the diet can be modeled as a lognormal
distribution with mean of 104 mg/kg-day, and a standard deviation of 127 mg/kg-day. Assume for
convenience that the exposure-response curve for growth inhibition in mice by the chemical is the same
as that presented previously in Exhibit 44. Given these inputs, the expected distribution of responses is
derived as follows:

Step 1: Draw a random value for the DI of a random member of the population

Step 2: Calculate the mean response m(d) and the standard deviation of the response s(d) for a
group of individuals exposed at that dose (d)

Step 3: Define the distribution of responses at that dose as NORMAL[m(d), s(d)]

Step 4: Draw a response from that distribution, and track this as the output variable

An example of the output for this example is shown in the two graphs at the bottom of
Exhibit 4-7. As seen, mice that are not exposed to the chemical display a range of growth rates ranging
from about +10% to +40%. Many of the mice (about 90%) residing in the contaminated field are
experiencing a range of growth rates that are only slightly decreased from rates expected for unexposed
animals. However, about 10% of the animals have weight gains that are markedly less than for
unexposed animals, ranging from about +5% to -30% (i.e., a net weight loss of 30% compared to the
starting weight).

It should be noted that the response distribution calculated in this way is what would be expected
for a large population of exposed receptors. If the actual exposed population is small, then the actual
response distribution may vary somewhat compared to the typical response shown in Exhibit 4-7. In
cases where it is important to evaluate this variability about the expected average pattern of response, this
may be done by running repeated Monte Carlo simulations using a number of trials (iterations) within
each simulation that is equal to the expected size of the exposed population. Each simulation will thus
represent a possible response distribution in the exposed population, and the range of responses across
different populations may be evaluated by comparing the multiple simulations. As noted above, the
magnitude of the variability between populations is expected to be small if the population size (number
of trials) is large, although this depends on the characteristics of the exposure and response functions.
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EXHIBIT 4-7
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4.6.3 JoINT PROBABILITY CURVES

In this approach, if data are available to characterize the probability of a particular exposure
occurring, and an exposure-response curve is available, these may be combined to yield a curve (referred
to as a Joint Probability Curve) that shows the probability that a response greater than some specified
magnitude will occur. An example is shown in Figure 4-8. The upper panel shows a hypothetical
cumulative exposure probability distribution (plotted on the primary y-axis) along with the
exposure-response curve (plotted on the secondary y-axis). The steps needed to generate the Joint
Probability Curve are as follows:

Step 1: Select an exposure level "x" and record the probability (P,) of exceeding that exposure.
For example, in Figure 4-8, at an exposure of 12 units, the cumulative probability of exposure is
84%. Thus, the probability of exceeding that exposure is 16%.

Step 2: Find the expected response at that same exposure (R,). In this case, the response at an
exposure of 12 is 2.2.

Step 3: Plot a data point at R_ on the e 4

x-axis and P, on the y-axis. —_

0.7
CumukE e

0.5 4 Prob =il o7
Expasure

Step 4: Repeat this process for many
different exposure levels, being sure
to draw samples that adequately cover
all parts of the probability scale.
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The lower panel of Figure 4-8 shows the
results obtained using the hypothetical data in
the upper panel. The advantage of this format -
is that it gives a clear visual display of both
the probability and magnitude (severity,
extent) of response. Further, the area to the
left of the curve is a relative index of the
population-level or community-level risk, and
comparison of this area across different
scenarios is helpful in comparing different
risk scenarios (both in risk characterization
and risk management). However, this
approach is based on the mean response at a
dose, and does not account for variability in
response between multiple individuals all
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Figure 4-8. Example Joint Probability Curve.
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Note that unless 2-D MCA is used, this approach does not require Monte Carlo modeling.
Rather, the calculations can usually be performed in a spreadsheet format using built-in spreadsheet
functions.

4.7 MODELING UNCERTAINTY IN ECOLOGICAL RISK ASSESSMENTS

As emphasized above, one of the greatest potential benefits of the PRA approach is the ability to
combine estimates of uncertainty associated with different components of the exposure and risk models
in order to describe the overall uncertainty in final exposure or risk estimates. Some basic options for
characterizing and presenting uncertainty in exposure, toxicity, HQ, and response are presented below.

4.7.1 UNCERTAINTY IN EXPOSURE

Most estimates of dose-based exposure for terrestrial receptors (birds, mammals) are based on
calculated estimates of chemical intake using simple or complex food web models, sometimes coupled
with environmental fate and transport models that can link risk to a receptor with a source of
contamination. In cases where
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as discussed in Appendix D. In D40 20.1 206 304
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brief, probability distribution
functions of uncertainty (PDFu's)
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uncertainty in the parameters of
the probability distribution
functions of variability (PDFv's)
for some or all variables in the
exposure model. Then, a

2-D MCA is used to derive
quantitative estimates of the
uncertainty around each
percentile of the variability
distribution of exposure.

Figure 4-9 illustrates the type of g = e i
tabular and graphic outputs that Ingested Dose (maheg-day)
this approach generates.
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Figure 4-9. Example Presentation of Uncertainty in Exposure.

If exposure is based on measured rather than calculated values by PRA (e.g., measured
concentrations in an abiotic medium, measured concentrations in receptor tissues), uncertainty in the
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empirical or best-fit continuous distribution through the data can be quantified using the statistical
methods detailed in Appendix B.

As discussed in Chapter 1, it is important to understand that there are many sources of
uncertainty and that this approach to uncertainty analysis focuses mainly on parameter uncertainty and
uncertainty in the true shape of input variable distributions. It does not capture other sources of
uncertainty relating to the fundamental adequacy of the exposure and risk models used to describe the
behavior of complex biological systems or of sampling and analytical errors and uncertainties, so the
uncertainty estimates should always be interpreted in this light as being somewhat incomplete.

4.7.2 UNCERTAINTY IN TOXICITY

Toxicity information used for ERAs is often a source of uncertainty in the risk assessment
process. This uncertainty may arise from multiple areas and may include both quantitative uncertainty in
the dose-response data (involving toxicokinetics and study designs) and qualitative uncertainty in the
relevance of the data (involving toxicodynamics). Methods for characterizing the quantitative
uncertainty in both point estimates of toxicity (TRVs) and in full exposure-response curves are outlined
below.

Uncertainty in TRVs

TRVs for a chemical are point estimates of exposure levels that do not cause an unacceptable
effect in an exposed receptor population. Ideally, all TRVs would be based on NOAEL and LOAEL
values derived from studies in which the receptor, endpoint, exposure route and duration were all
matched to the assessment endpoints defined for the site. However, such exact matches are seldom
available. Therefore, it is often necessary to extrapolate available toxicity data across route, duration,
endpoint and/or species, leading to uncertainty in the most appropriate value to use as the NOAEL or
LOAEL. There are no default methods for developing TRVs on a site. However, some options include
the use of allometric dose scaling models, physiologically-based biokinetic models, benchmark dose
estimates or other approaches based mainly on policy and/or professional judgment. Guidelines for
dealing with the uncertainty in components of the TRV derivation by uses of PRA are provided below.

Uncertainty in NOAELs and LOAELs

Uncertainty in the NOAEL or LOAEL for a chemical has two components: (1) uncertainty within
a study; and (2) uncertainty between studies, under exact specified conditions of exposure.

Assuming that a single study has been selected to provide the NOAEL and/or LOAEL values to
be used in deriving a TRV for a chemical, it is customary to define the NOAEL as the highest exposure
that did not cause a statistically significant effect, and the LOAEL is the lowest exposure that did cause a
statistically significant effect. As noted earlier (see Section 4.5.1), this approach has a number of
limitations, and there may be substantial uncertainty as to whether the observed NOAEL and LOAEL
values actually bracket the true threshold effect level. One way to quantify uncertainty in the exposure
levels that cause some specified level of adverse effect is through the use of exposure-response curve-
fitting software such as EPA's BMDS package. In this approach, the risk assessor selects some level of
effect that is judged to be below a level of concern, and another level of effect that would be of concern.
The choice of these response levels is a matter of judgment, and depends on the nature and severity of the
endpoint being evaluated. A specified level of effect is referred to as a Benchmark Response (BMR),
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and the exposure that causes that response is referred to as the Benchmark Dose (BMD). Given
information on the number of test organisms in each test group and on the variability of the response in
those organisms, the BMD software uses maximum likelihood methods to derive the 5% lower
confidence bound on the exposure that causes the BMR. This is referred to as the BMDL. This
uncertainty bound may be used to quantify the uncertainty in the BMD, and hence to characterize this
source of uncertainty in the TRV. The simplest method for approximating the uncertainty distribution
around the BMD is to assume the distribution is approximately normal, with mean equal to the BMD and
standard deviation (standard error) given by:

Stdev=(BMD - BMDL) / 1.645

For advanced analyses, a more accurate characterization of the uncertainty distribution around the BMD
may be derived by Monte Carlo simulation. In this approach, each model parameter is assumed to be
normally distributed, with mean and standard error values provided by the BMDS output. Monte Carlo
simulation is then used to select alternative model parameter sets, being sure to account for the
covariance between parameters (the covariance matrix is also provided by the BMDS output). For each
parameter data set, the BMD is calculated, and the distribution of BMD values across many iterations is a
better approximation of the uncertainty in the BMD.

Uncertainty in the effect level (NOAEL or LOAEL) for a chemical may also arise because there
is more than one study available for the chemical, and the studies do not yield equal estimates of the
effect level. It is important to note that the process of reviewing available toxicity studies, choosing the
most relevant endpoint for use in deriving a TRV, and identifying the most relevant study is a process
requiring basic toxicological expertise (not probability or statistics), and this process must be completed
both for point estimate and probabilistic risk assessments. In general, studies based on different
receptors, endpoints, exposure routes and/or durations are not equally relevant for evaluating a particular
assessment endpoint in a particular indicator species. However, in some cases, multiple studies of the
same endpoint in the same species will be available. In such a case, assuming that all the studies are
judged to be equally reliable, the best estimate of the LC50 may be derived by calculating the geometric
mean of the available alternative values (after adjustment to constant hardness). Uncertainty around the
best estimate may then be based on the observed inter-study variability, using the basic principles for
choosing PDFu's as described in Appendix B.

Uncertainty in Extrapolation of TRVs

In general, extrapolation of TRVs across species or endpoints is not desirable, since the
magnitude and direction of any potential error is generally not known. Sometimes, extrapolations
between species are attempted based on allometric scaling models that seek to adjust toxicity values
accounting for differences in body weight. Alternatively, physiologically-based pharmacokinetic
(PBPK) models that seek to account for differences in a number of other physiological variables
(metabolism rate, organ size, blood flow, etc.) can be used. However, the validity of these models is
often not well established. In those cases where these models are used, and where the uncertainty in the
model is judged to warrant quantitative evaluation, the primary source of the model should be consulted
in order to derive an estimate of the uncertainty in the quality of the extrapolation and in the parameters
of the model. As noted earlier, PRA may capture uncertainty associated with model input parameters,
but does not usually capture all sources of uncertainty in the model. In particular, most models of this
sort are designed to extrapolate only the average response as a function of dose, and are not intended to
extrapolate variability between individuals at a specified dose. When no mathematical model is available
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to support quantitative extrapolation across species, exposure duration or endpoint, professional
judgment and/or policy may be used to select extrapolation factors to account for the uncertainty.

The risk assessor should ensure that the risk manager understands the uncertainty associated with
any model selected and applied, and that the results of the calculations (point estimate or PRA) are
conditional upon the model selected.

Uncertainty in Parameters of the Dose-Response Models

When toxicological exposure-response data are fit to mathematical equations, the fitting software
will usually provide quantitative information on the uncertainty in the best estimates for each of the
model parameters. For example, in the dichotomous model illustrated in Exhibit 4-3, the output from the
BMDS software included the following information on the uncertainty in the parameters of the best-fit
logistic equation:

Parameter Best Est Std Error (SE)
a -4.80 0.83
b 0.101 0.019

Because the uncertainty in the best estimate of each model parameter is asymptotically normally,
uncertainty in the parameters may be modeled as:

PDFu (parameter ))=NORMAL(best estimate of parameter i, SE of parameter 1)

Note that the parameters of the model are generally not independent, and generally should not be treated
as such. Thus, when modeling the uncertainty in the parameters of the best-fit exposure-response model,
the PDFV's for the parameters should be correlated according to the correlation matrix or the variance-
covariance matrix, as provided by the modeling software.

4.7.4 UNCERTAINTY IN RESPONSE

If the risk characterization phase of the risk assessment focuses on an estimation of the
distribution of responses rather than the distribution of HQ values, the uncertainty in the distribution of
responses can be evaluated using two-dimensional Monte Carlo techniques using PDFu's for the
parameters of the exposure and exposure-response models derived as described above. The same
graphical output may be used for this presentation as was illustrated in Figure 4-9, except that the x-axis
is response rather than HQ. This format is illustrated in Figure 4-10 for a dichotomous endpoint (e.g.,
acute lethality). In this example, the average probability of response among the members of the exposed
population (shown in the graph by the black diamond symbols) is 8.2%, with a confidence bound around
the mean of 4.9 to 12.8%. This is equivalent to concluding that about 8.2% of the population is expected
to suffer acute lethality, but the true fraction dying could range from 4.9 to 12.8%.
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Figure 4-10. Example Presentation of Uncertainty in Response.

4.7.3 UNCERTAINTY IN HAZARD QUOTIENT

Once the uncertainty in exposure and/or toxicity distributions has been characterized as
described above, there are a number of options for presenting the resultant uncertainty in the HQ (or HI,
if appropriate and applicable for summing HQs) distributions. Figure 4-11 shows one simple graphical
format, where the point estimate of the TRV is superimposed on the uncertainty bounds of the exposure
distribution (upper panel), or the uncertainty bounds of the TRV are superimposed on the best estimate of
exposure (lower panel). One could also superimpose the range of TRVs over the range of exposures, to
capture most of the uncertainty in the HQ. Furthermore, such distributional outputs should always show
the point estimate ranges of CTE and RME exposures in respect to the ranges of TRVs, for use in
weight-of-evidence to help interpret the PRA and point estimate results. The advantage of this format is
that no additional Monte Carlo modeling is needed to derive initial descriptors of uncertainty in risk. For
example, in the upper panel it may be seen that the best estimate of the fraction of the population exposed
at a level below the TRV is about 83%, but that this is uncertain due to uncertainty in the exposure
estimates, and the true percent below the TRV might range from 74 to 90%. Similarly, in the bottom
panel, the best estimate of the fraction of the population below the TRV is also about 83%, but due to
uncertainty in the TRV the actual value could range from 64 to 91%. Uncertainty could also be
presented by showing a combined graph with both ranges of exposure and TRVs, such as described
below.
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Figure 4-11. Example Presentation of Uncertainty in Exposure and TRV.
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A more complete characterization of uncertainty in HQ may be achieved by using PRA to
combine the uncertainty in both the exposure and the TRV terms, resulting in the uncertainty bounds on
the HQ distribution itself (see Figure 4-12). In this example, it may be seen that 63% of the exposed
population is estimated to have an HQ below 1.0, but that this is uncertain due to uncertainty in both the
exposure distribution and the TRV, and that the true fraction of the population below a level of concern
(HQ < 1) could range from 45 to 81%.
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Figure 4-12. Example Presentation of Uncertainty in HQ Estimates.

4.8 INTERPRETING RESULTS OF AN ECOLOGICAL PRA

In some cases, the information contributed by a PRA may provide a more complete
characterization of risks to a population of receptors than can be obtained by using point estimate
methods. However, whether by PRA or by point estimate or a combination, the results of the risk
assessment must be interpreted to reach a risk management decision.

In contrast to the case for human health risk assessments (where default risk-based decision rules
are well established), there are no established default decision rules for identifying when risks to
ecological receptors are and are not of concern. In the point estimate approach, EPA guidance (U.S. EPA
1992b, 1995) recommends consideration of both the RME and CTE exposure/dose estimates along with
TRVs based on both LOAELs and NOAELs (U.S. EPA 1997a) to reach a risk management decision.

The same principle applies to probabilistic ERAs.

In some cases, interpretation of an ecological PRA is relatively simple. For example, if the
distribution of HQ values calculated using an appropriate NOAEL-based TRV are less than 1.0 for nearly
all members of the population, then it is likely that risks are within an acceptable range for the
population. Conversely, if the distribution of HQ values calculated using a LOAEL-based TRV are
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significantly greater than 1.0 for most members of an exposed population, then it is likely that risks are
not acceptable for the population. However, for cases which fall between these bounding conditions (and
for cases where one needs to clearly define the boundaries of potential excess risks for a gradient of
contamination and exposures), the level of risk or response that is considered acceptable must be defined
by the risk assessor and the risk manager on a site-specific and receptor-specific basis. This evaluation
should take the following factors into account:

(1) The Risk Management Goal

The risk management objective for most Superfund ERAs is defined as population sustainability
(U.S. EPA, 1999). In this case, harm to some members of the exposed population may be acceptable, if
that harm does not lead to an overall reduction in population viability. This situation (protection of a
population rather than protection of individuals) is sometimes equated with use of the CTE (average)
receptor as the basis for risk management decision making, That is, if the HQ for the CTE receptor is
below a level of concern, it is sometimes assumed that population risks are acceptable.

However, the choice of the CTE receptor as the basis for risk management decision making may
not be sufficiently protective in all cases. For the vast majority of wild populations, the proportion of the
population that must be protected to ensure population stability will be unknown. At a small number of
sites, a population biologist may be able to provide some information. Moreover, the percentile of the
CTE receptor in the exposure or risk distribution may vary depending on the shape of the distribution.
The proportion of the population experiencing exposure greater than that of the CTE receptor could
range from less than 10% up to 50% or even higher. Also, the ecological significance of an adverse
effect on some members of a population depends on the nature of the stressors and on the life history and
population biology of the receptor species. Because of these complexities, use of the CTE as a decision
threshold for nonthreatened or endangered species may be appropriate in a small number of cases, but
risk assessors and risk managers should realize that the choice of the CTE receptor requires a species-
and endpoint-specific justification and the CTE should not be used as the default basis for a risk
management decision. Rather, for the majority of ERAs, the risk management decision should be based
on the RME receptor or an upper percentile of the distribution of variability in risk/exposure.

(2) The Toxicological Basis of the TRV

The biological significance of a distribution of variability in HQ cannot be interpreted without a
proper understanding of the nature of the TRV being used to evaluate the distribution. This includes the
nature of the toxicological endpoint underlying the TRV, its relevance to the assessment endpoint, and
the shape (steepness) of the dose-response curve. For example, an HQ of 2 based on an EC20 for
reduction in reproductive success would likely be interpreted as more significant toxicologically than an
HQ of 2 based on the EC20 for an increase in liver weight. Likewise, an HQ of 2 based on an LC,,, for
acute lethality would be more significant if the dose-response curve for lethality were steep than if it
were shallow, since it would be easier to cause greater response with smaller increases in exposure to
contaminants.
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(3) The Characteristics of the Receptor

Ultimately, the question which must be assessed is whether an effect of degree "x" occurring in
"y" percent of the population is biologically and ecologically significant. This, in turn depends on the
attributes of the receptor being evaluated. For example, a reduction of 10% in the reproductive success
of a fecund and common species (e.g., the field mouse) might not lead to a significant reduction in
population number, while the same effect could be of concern in a species with lower fecundity and/or
lower population density (e.g., the moose). Thus, the interpretation of an analysis of variability in
exposure and/or effect often requires the input of a trained population biologist with expertise in the
receptor of concern.

Because of these issues, there is no default rule for what level of effect is and is not acceptable
for an exposed ecological population; except for the case of no potential excess risks where the RME
exposures do not exceed the TRV based on a NOAEL, assuming there is reasonable confidence in those
exposure and toxicity values. In some cases, mathematical models may be available for predicting the
population-level consequences of a given pattern of effects (e.g., see ECOFRAM 1999a for some aquatic
population models), but in general the extrapolation from a distribution of individual responses to an
estimation of population-level effects is difficult. For this reason, close consultation between the risk
manager and the ecological risk assessor is necessary for translating results of an ERA into an
appropriate and successful risk management decision.

4.9 GUIDELINES FOR PLANNING AND PERFORMING A PROBABILISTIC ERA

4.9.1 PLANNING AN EcoLoGICcAL PRA

Chapter 2 provides a general discussion of the key steps that should be followed when planning a
PRA. These guidelines are equally applicable to ecological PRA as to human health PRA. Of the key
steps in the process, most important are the following:

Dialogue Among Stakeholders

As discussed in Section 4.2, the decision if and when to perform an ecological PRA is an SMDP
shared by risk assessors, risk managers, and stakeholders, including members of the public,
representatives from state or county environmental agencies, tribal government representatives, natural
resource trustees, private contractors, and potentially responsible parties (PRPs) and their representatives.
A scoping meeting should be held after the completion of the baseline risk assessment in order to discuss
the potential purpose and objectives of a PRA, and to identify the potential value of the analysis to the
risk management process. If it is decided to perform at least an initial PRA evaluation, subsequent
meetings of a similar type should occur iteratively in order to assess whether any further effort is
warranted.

Preparation of a Workplan

Any PRA beyond the simplest screening level evaluation should always be accompanied by a
workplan. The purpose of the workplan is to ensure that all parties agree on the purpose and scope of the
effort, and on the specific methods, data, and procedures that will be used in the PRA. Workplans should
be developed according to available guidance for workplans for nonprobabilistic ERA (U.S. EPA, 1992b,
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1997a) and should consider three elements: (1) the 16 guiding principles of MCA (U.S. EPA, 1997b);

(2) the eight guidelines for PRA report submission (U.S. EPA, 1997b); and (3) the tiered approach to
ERA (U.S. EPA, 1997a). Development of a workplan for PRA is discussed in greater detail in Chapter 2,
and Exhibit 4-8 summarizes the key elements of a proper workplan. The workplan must be submitted to
the BTAG coordinator and/or regional ecotoxicologist for review and for approval by the risk manager.
The EPA strongly recommends that PRPs who wish to perform PRAs of ecological risk involve the
Agency in the development of a workplan in order to minimize chances of significant disagreement, as is

required by EPA policy.

1. Introduction/Overview
Conceptual site model
Assessment endp oints
Indicator species
Measures of exposure and effect

EXHIBIT 4-8

EXAMPLE ELEMENTS OF A WORKPLAN FOR ECOLOGICAL PRA

2. Description of Exposure and Risk Models
Basic exposure models (fate and transport, uptake, food web, intake, etc.)
Basic risk models (HQ, dichotomous response, continuous response)

3. Results from a Point Estimate Assessment
CTE and RME risk estimates from baseline evaluation

4. Rationale why a PRA will be helpful
Goals of the assessment (variability, uncertainty, both)
Expected benefit to risk manager

5. Description of the Proposed PRA
Exposure scenarios to be evaluated
Output variables to be modeled in variability and/or uncertainty space

6. Proposed PDFs, and their basis
Method for performing sensitivity analysis and for selecting key variables
Data source for characterizing key variables
Approach for selecting and parameterizing key variables
Proposed list of PDFs for exposure variables (optional but desirable)
Method for dealing with the concentration term
Method for dealing with correlations

7. Proposed Software and Simulation Approach
Commercial or custom
Monte Carlo or Latin Hypercube
Number of Iterations
Method(s) for sensitivity analysis

8. Preliminary Results (optional, but helpful)
Results of a screening level evaluation
Identification of variables where more effort is needed to improve the
distribution function
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4.9.2 EVALUATING AN EcoLoGgicAL PRA

When an ecological PRA is submitted to EPA for consideration, it will be reviewed in order to
determine if it has been performed in accord with sound principles of ERA (U.S. EPA, 1997a, 1998), and
with sound principles of PRA (U.S. EPA, 1997b). A general checklist that may be helpful to reviewers is
provided in Appendix F, and key features of this checklist are summarized in Exhibit 4-9. Eight specific
conditions for acceptance of a PRA submitted to EPA are provided in U.S. EPA (1997b).

At the discretion of EPA risk assessor or risk manager, the PRA report may be submitted for
additional EPA internal review and/or an external review process in accord with Agency guidelines for
conducting peer reviews (U.S. EPA, 2001). The external peer review may be used in cases where the
issues are complex or contentious and the opinions of outside expert peer reviewers can improve the
PRA.

EXHIBIT 4-9
CHECKLIST FOR INCLUDING A PRA AS PART OF THE ERA (SEE APPENDIX F)

*  All risk assessments should include point estimates prepared according to current Superfund national and
regional guidance.

* A workplan must be submitted for review and approval by the appropriate EPA regional project manager
(RPM) and/or BTAG coordinator prior to submission of the PRA.

* A tiered approach should be used to determine the level of complexity appropriate for the ERA. The
decision to ascend to a higher level of complexity should be made with the risk manager, regional risk
assessor and other stakeholders.

* The eight conditions for acceptance presented in the EPA policy on PRA (U.S. EPA, 1997b) should be
clearly addressed by each PR A submitted to the Agency.

* Information in the PRA should possess sufficient detail that a reviewer can recreate both the input
distributions and all facets of the analysis. This includes copies of published papers, electronic versions
of necessary data and other materials deemed appropriate by EPA.

4.10 EXAMPLE OF THE TIERED PROCESS IN ERA

As discussed in detail in Chapter 2, one of the key elements in the risk assessment process is
deciding if and when further analysis is warranted. This includes decisions regarding whether to employ
PRA calculations to supplement point estimate calculation, and if so, what level of effort to invest in
those PRA calculations. The following section presents a relatively simple hypothetical example
illustrating how the tiered approach might operate at a site where ecological risk is an important concern.
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Problem Formulation

PestCorp is a former chemical manufacturing facility that produced mainly chlorinated pesticides
10 to 20 years ago. Data collected on the PestCorp property indicate that a number of spills or releases
of chlorinated pesticides took place when the facility was in operation, and that site soils are broadly
contaminated, especially with pesticide X. This contaminated soil has lead to impacts on a nearby lake
of about 300 acres that receives surface water runoff from the PestCorp site. Samples from the lake
reveal low but detectable levels of pesticide X in water, with relatively high values in sediment and in the
tissues of a variety of aquatic organisms (crayfish, snails, benthic macroinvertebrates and fish). The
concentration values in all media (water, sediment, aquatic organisms) tend to be highest in the part of
the lake receiving runoff from the PestCorp property, with a gradient of diminishing values at locations
further away from the area where runoff enters the lake.

A BTAG committee formed by EPA to identify potential ecological concerns at the site
recognized that many different species could be exposed to the contaminants in the lake, including
aquatic receptors residing in the lake (fish, invertebrates, aquatic plants), as well as mammals and birds
that frequent the lake for food or water. Because pesticide X is lipophilic and tends to biomagnify in the
food web, the BTAG decided that the highest risks would likely occur in higher-level predators such as
mammalian omnivores, and selected the racoon as a good indicator species to represent this trophic
group. Pathways of exposure that were identified as warranting quantitative evaluation included
(a) ingestion of water, (b) ingestion of aquatic food items, and (c¢) incidental ingestion of sediment while
feeding or drinking at the lake. The BTAG determined that the assessment endpoint was protection of
mammalian omnivore populations.

Point Estimate Risk Evaluation

A series of iterative screening-level point estimate calculations (Steps 1 to 2 of the 8-step
ERAGS process) were performed to investigate whether or not there was a basis for concern at the site.
Initial calculations using simplified and conservative inputs (i.e., exposure based on the maximum
measured concentration in each medium, an area use factor of 1, and the most conservative available
TRVs) indicated that the HQ value for pesticide X could be quite large. Therefore, a refined screening
level evaluation was performed in which point estimates of CTE and RME risk were derived using the
best information currently available. Key elements of the approach are summarized below:

. The CTE receptor was assumed to be exposed at a location where concentration values were the
average for the whole lake, and the RME receptor was assumed to be exposed at a location where
concentrations were equal to the 95" percentile of values from the lake.

. Because only limited data were available for measured concentrations of pesticide X in aquatic
prey items, the concentration values in aquatic prey were estimated using a linear
bioaccumulation model: C(prey)=C(sed) x BAF. The BAF was estimated from the existing data
by finding the best fit correlation between the concentration values in sediment and crayfish at
7 locations in the lake: C(crayfish)=5.04 x C(sed) (R*=0.792).

. The TRV values were based on a study in mink in which the toxicity endpoint was the percent
inhibition of reproductive success.
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These inputs and the resulting HQ values are shown in Exhibit 4-10. As seen, estimated risks to the CTE
receptor approach or slightly exceed a level of concern (HQ=4.7E-01 to 1.4E+00), and risks to an RME
receptor are well above a level of concern (9.1E+00 to 2.7E+01). The chief pathway contributing to the
dose and risk is ingestion of contaminant in aquatic food web items (crayfish, fish, amphibians, etc.).

EXHIBIT 4-10

REFINED SCREENING POINT ESTIMATE INPUTS AND RESULTS

Basic mode|
Hia = Dlftotall f TRY
Diltatall = Dl{water) + Diffood) + Dl(sed)
DGy = Cl* IR AUF

Cther Azsum ption s
Cidiet) = Cized) * BAF
IR(zed) = IR(diet) * F=ed)
IR(diet) = IR{total) * Fdiet)

Foint E=t Walues
Category  |Wariable “fariable Unitz CTE FhiE
Inputs C oncentration Concentration inwater mgsL 0.1z 0:3s
Concentration insediment mgskg 24 Tr
BAF (sediment to aquatic preyd - 5 4]
Concentration in aquatic prey mgskg 120 jeSia]
Intde Rates Tatal vuater intake rate Lg-day 002z 01z
Total food intadoe rate kghe grday 0.oS ona
Fraction of diet thati= sed - [EREC] upnlst
Fraction of diet that s aquatic prey - 0.5 025
FArea Use Factors Fraction of total water ingested atthe lake - 0z 0.6
Fraction of total dietfrom the lake - 025 0.5
TRWs LOAEL-bas ed TRW mgskg day a5 0.6
NOAEL-based TRW migshg day oz 0z
Fesults L aily Intak e i gter ingestion migskg day jean]=guci 2.TE-02
Sediment ingestion mgskg day 1TAEO2 2.45E-01
Aquatic prey ingestion migskg day 27EM S52E+00
Tatal migskg day 28EM S5E+0
HQ(LOAEL-Based) i gter ingestion d9E 02 4GE-02
Sediment ingestion 18E02 4. 2E-01
Aquatic prey ingestion 45E01 S87E+OO
Tot=l 4.7E-01 S1E+00
HQ(NOAEL-Based) i gter ingestion 15E02 1.4E-01
Sediment ingestion S4B 02 12E+00
Aquatic prey ingestion 1.4E+00 2EE+01
Total 1. AE+00 27E+01
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SMDP I at Step 2 of ERAGS

The BTAG considered these results to indicate that inhibition of reproduction was possible in at
least some members of the exposed population, but that the fraction of the population that was affected
and the degree of impact on the population was difficult to judge from the point estimate calculations.
Based on this, a decision was made to conduct a screening level PRA in order to provide some additional
information on the magnitude and probability of risk.

Workplan 1

The contractor performing the risk assessment developed a brief workplan that proposed an
approach for a screening level PRA. The plan called for a Monte Carlo-based evaluation of variability in
exposure and risk among different members of the exposed mammalian omnivore (racoon) population.
In brief, all exposure inputs that were treated as constants in the point estimate approach (i.e., were the
same for CTE and RME exposure) were also treated as constants in the PRA evaluation. Because water
contributed so little to dose or HQ, this pathway was not evaluated in the PRA, but was accounted for by
adding in the point estimate values to the PRA results. All variables that are fractions (i.e, may only
assume values between zero and one) were modeled as beta distributions, and all other variables were
modeled as lognormal. For screening purposes, the parameters for all distributions were selected so that
the mean and 95" percentile values of the PDF's matched the corresponding CTE and RME point
estimates. The BTAG reviewed this proposed approach and authorized PRA work to begin.

Screening Level PRA Results

The screening level PRA inputs and the resulting estimates of the variability in HQ are shown in
Exhibit 4-11. The CTE and RME point estimates are also shown for comparison. As seen, the PRA
distribution of HQ values indicates that about 68% of the individuals in the population are likely to have
HQ values below 1E+00, while 32% have HQ values above 1E+00.

Comparison of the CTE point estimates of HQ to the mean HQ values derived by PRA reveals
the values are very close. This is expected because both depend on the mean values of the input
variables, and the same mean values were used in both sets of calculations. With regard to upper-bound
estimates, the RME point estimate values are at the 98" percentile of the PRA HQ distribution, within the
target range (90" to 99™) usually considered appropriate. Note, however, that the 98" percentile is about
5-fold higher than the 95" percentile, emphasizing the high sensitivity of the RME HQ values to the
precise percentile of the RME.
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EXHIBIT 4-11

SCREENING LEVEL PRA CALCULATIONS OF HQ DISTRIBUTION

Screening Lewvel D istribution
[ ata Categony Wariable U nits Type param 1 param 2
C oncentrations Concentration inwater mg'L Mot evaluated in PRA
Concentration insediment mgh g LM 24 3
BAF -- Const 4]
Concentration in aquatic prey mgk g Calculated
Intdie Rates Tatal water intake rate Lk daw Mot ewvaluated in PRA
Tatal food intake rate b gbog-day LH 0.aE0 0.aE0
Fraction of diet that = sed -- Beta 3 Hor
Fraction of diet that i= aquatic prey -- Beta G0 JeoX=]
Ared Use Factors  |Fraction of total water ingested from lakef-- Mot evaluated in PRA
Fraction of total diet from the lde -- Bata 1.0 359
TRWs LOAEL: based TRW mgh gday Const a5
MOAEL: based TRW mgh g-day Const oz
100%
0% T oo e '\ f
S0% RMEPONtExtimaes
oy
= 0%
E """""""""""""""""""" _ CTE Pa lvt B tm ates
=] B0% 1 lomEL-Based Ho X
o )
o S0% .
= .
= '
= 40% :
E '
S 30% \
' NOAEL-Based HQ
20%, )
10% ;
0% . i .
0. 01 1 10 100
HQ Yalue
Central Tendency Upper Bound
TR Bazis Mean of PRA Foint Est CTE R atio 95th of PRA| Point Est. RMWE Ratia
NOAEL 1.494 1.42 0.2 5.4 274 5.05
LOAEL 0.2 0.7 0.29 1.80 2.1z 5.05
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SMDP 2

The BTAG considered these results, and decided that it was very probable that pesticide X was
causing an effect in some members of the exposed population, but decided that a final risk management
decision would be facilitated by characterizing the distribution of responses (rather than the distribution
of HQ values). The BTAG asked the contractor performing the work to develop a proposed approach for
characterizing the distribution of responses.

Workplan 2

The contractor obtained a copy of the toxicity report upon which the TRVs were based, and
determined that the study did include sufficient dose-response data to support reliable dose-response
modeling. The contractor recommended that this be done using EPA's BMDS. The BTAG approved this
proposed approach and authorized work to proceed.

PRA Refinement 1

The contractor fit the raw dose-response data (inhibition of reproduction in mink) to a number of
alternative models available in BMDS, and found that the dose-response curve could be well
characterized by the Hill Equation with nonconstant variance, as follows:

Mean Response at dose d (% decrease in reproduction)=(100 x d*°)/(0.9>° + d*?)
Std. Dev. in Response at dose d (%)=SQRT[1.6:(mean response at dose d)'~]

Based on this model, the point estimate LOAEL value (0.6 mg/kg-day) corresponds to an effect level of
about 27%, and the NOAEL of 0.2 mg/kg-day corresponds to an effect level of about 2%.

Using this exposure-response model in place of the point-estimate TRV values, the refined PRA
predicted a distribution of responses in the exposed population as shown in Exhibit 4-12. As seen,
approximately 81% of the population was predicted to experience an effect on reproduction smaller than
10%, while 9% were expected to have a reduction of 10 to 30%, 4% a reduction of 30 to 50%, and 6% a
reduction of more than 50%. On average across all members of the exposed population, the predicted
reduction in reproductive success was about 9%.
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EXHIBIT 4-12

SIMULATED DISTRIBUTION OF RESPONSES

Exposure Resporse Model

Fesp= Hormalhean, Stdew)
Mean = a + b™"n§ "n+ k"n
Stdev = alpha™mean®rho

kS Tatal daiby inta e
a u]

b 100

3 o9

n 25
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tha 13

100%
0% f_‘_’_,_.-—
0%
£ 70% 4
B
ﬁ G0%
o
[ a0%
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= 40%
g
a 30%
20%
10%
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0-10% 1%
A0 30% g%
2050 % 4%
#50% 5%
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SMDP3

The BTAG debated the likely population-level consequences of this predicted distribution of
responses in members of the exposed population. After consulting with a field biologist with experience
in the population dynamics of mammals such as racoons, the BTAG decided that the distribution of
responses in the exposed population would cause a continued stress on the mammalian omnivore
community and that reductions in population number were likely over time. Based on this, the risk
manager and the BTAG agreed that remedial action was desirable and that a range of alternative clean-up
strategies should be investigated. This was performed using the methods described in Chapter 5 (see
Exhibit 5-5).
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